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Abstract 
Unfortunately, a complete integration of energy efficiency aspects into industrial design practice of Energy-related Products (ErPs) has not yet 
been achieved. This is in part due to a lack of solutions (approaches, methods and IT tools) that support designers with rapid assessment of 
design options and checking their compliance with energy-related regulatory constraints. Particularly important for ErPs are limit-value 
constraints, which are defined by regulatory elements (laws, norms, labels, company-internal regulations, etc.) that directly specify measurable 
values and/or limits e.g. energy efficiency classes. The goal of this paper is to introduce a method that assists designers in rapidly and roughly 
performing energy assessments of mass-produced ErP design options and verifying their compliance with energy-related limit-value 
constraints. The introduced method is the result of the integration of a self-developed approach for compliance checking into a previously 
developed methodical approach for rough energy assessment. The introduced method has been validated by a case study of two washing 
machine design options. The long-term goal is to develop method-specific IT support. The requirements for such a support have been 
considered from the outset. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction and scope 
Nowadays, climate change is the most important 
environmental problem, where energy-related emissions take 
on the most crucial role. In addition, the competitive 
advantage of a green image combined with a permanent 
increase in energy efficiency requirements stipulated by 
governmental policies, laws, standards, etc. has become a 
considerable motivation for manufacturing companies to 
assess and improve the energy efficiency of their products [1]. 
Unfortunately there is an important gap between the 
development of solutions that support energy assessment 
(approaches, methods and tools) and their industrial 
application. In current product development practice, the 
application of these solutions for energy assessment of design 
options remains incomplete, as they are too general and/or not 
specific for product development [1, 2]. Furthermore, there is 
also a lack of solutions for compliance checking of design 
options with energy-related regulatory constraints [2, 3]. 
 
Fig. 1. Gap between energy assessment-related solutions and their application 
in product development practice. 
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According to the European Union, Energy-related Products 
(ErPs) account for a large proportion of the consumption of 
energy and natural resources within the community. ErPs 
therefore have a significant potential for environmental 
performance improvement at reasonable costs [4].  
As regards regulatory elements (laws, norms, labels, 
company-specific regulations, etc.), these can be classified 
into organizational, methodical and limit-value according to 
their purposes. Limit-value elements are particularly important 
for designers since they specify measurable values and/or 
limits e.g. energy efficiency classes. Many of these regulations 
directly concern ErPs resulting from mass production 
processes e.g. washing machines, electric pumps, etc. 
For the above reasons, the method introduced in this paper 
focuses on mass-produced ErPs and limit-value regulatory 
elements applying in Europe to ErPs of this kind. 
 
 
Fig. 2. Focus on mass-produced ErPs and limit-value regulatory elements. 
2. State of research and technology 
This chapter provides a general overview of the most 
important methods and IT solutions supporting energy 
assessment and compliance checking against regulatory 
constraints. 
The Life Cycle Assessment (LCA) framework and 
software today constitute the highest support for 
environmental assessment. Energy assessment can be 
considered as a lean version of LCA. Cumulative Energy 
Demand (CED) is a standardized method that focuses on 
energy assessment [1]. Both the LCA framework and the 
CED method are, however, neither specific nor sufficiently 
detailed to substantiate energy assessment in product 
development. Furthermore, they do not provide instructions 
for compliance checking against regulatory constraints. 
LCA software and ecodesign IT support are, at present, the 
main solutions for the development of energy-efficient 
products. Ecodesign IT support can be divided into two main 
categories: Eco design specific IT tools and environmentally 
friendly modules in general purpose software such as specific 
modules in Enterprise Resource Planning (ERP) systems, 
Computer Aided Design (CAD) software, or Product 
Lifecycle Management (PLM) software. Specific eco design 
IT support features one or more aspects of which the most 
important are: definition of strategies, analysis of product 
options, management of specific data, compliance checking 
against regulatory constraints, and e-learning [2]. 
As regards compliance checking of products against 
regulatory constraints, both LCA software and ecodesign IT 
support are focused on integrating norms, labels, etc. into 
databases. The most advanced solutions are proposed by LCA 
software [3]. Furthermore, some current research projects deal 
with the facilitation of the use of standards. Unfortunately, 
support with compliance verification of the design options is 
still limited [2]. 
The most used IT support in product development practice 
is commercial general purpose engineering software (CAD, 
ERP, PLM etc.). It thus generates a high potential support for 
the development of energy-efficient products. At present, 
however, it does not sufficiently consider energy efficiency 
aspects [3]. 
Further methods to support statements about the efficiency 
of products with regard to raw material usage, energy demand 
and product lifecycle include: Energy and Material Flow 
Analyses, Energy value stream mapping, Eco Integral, Energy 
navigator, Life Cycle Costing (LCC), Carbon FootPrint 
(CFP), emission limit analysis, the CML method, the MIPS 
(Material Input per Service Unit) method, the EPS Enviro-
accounting Method, Pinch-Point Analysis, etc. [3]. These 
methods are, however, only partly suitable for product 
development. 
All of the above methods offer different approaches and 
solutions for environmental and energy assessment. In 
general, however, they have one major disadvantage: They do 
not provide sufficient information on how to substantiate 
specific method stages [1]. In this context, the user has 
insufficient practical association or instructions on how to 
apply the method, first and foremost on what concerns energy 
assessment of design options, and secondly about checking 
the compliance of these options against regulatory constraints. 
A challenge for the integration of the above methods and 
tools into industrial design practice is that, in most companies, 
the necessary know-how to generate energy assessments is 
spread across many employees. Rapid results and 
optimizations are therefore difficult to obtain. A further 
challenge is that most of these methods require a high amount 
of and, in parts, difficult-to-obtain data as input. Thus, a 
detailed assessment is, in theory, entirely justified and 
reasonable. Most companies, however, need fast results, 
hence this kind of assessment is often not possible to achieve 
due to time and financial constraints [1]. For the above 
reasons, the Chair IT in Mechanical Engineering (ITM) ( 
Ruhr-University Bochum) has been developing methods and 
tools for rough energy assessment over the past years [1, 5]. 
The idea behind this approach is to obtain suitable assessment 
results with a minimum amount of data. 
3. Requirements for an integrated method for rough 
energy assessment and compliance checking  
Due to space limitation, this chapter provides only a key 
overview of the main requirements for a method that 
integrates ‘rough energy assessment of design options’ with 
‘compliance checking of design options against regulatory 
constraints’. The requirements are the results of the analysis 
of the pool of methods and IT solutions mentioned earlier, as 
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well as the analysis of the results of interviews with more than 
130 expert designers in the industry [1, 2, 3]. The below 
requirements have been classified according to the most 
common stages of standardized assessment methods [1], with 
the exception of the first and the last categories. 
General method requirements: 
x Enable rough assessments through simplicity. 
x Consider early product development as main target. 
x The method should be incorporable into an IT tool. 
x Focus on energy efficiency aspects such as energy 
consumption, energy demand, etc. 
x Consider all product lifecycle stages. 
x Evaluate energy efficiency of design options in relation to 
energy-related costs. If possible, energy-related emissions 
must be considered as well. 
x Consider company perspective by specifically focusing on 
the ‘production’ lifecycle stage. 
x Focus on mass-produced ErPs. 
 
Specific requirements for goals and system definition: 
x Provide instructions for the definition of assessment goals. 
x Include solutions for the definition of suitable assessment-
detailing levels. 
x Provide solutions for product description and modeling. 
x Provide solutions for the selection of system boundaries 
based on the modeled products and processes. 
x Enable the identification and marking of critical processes. 
 
Specific requirements for assessment: 
 
x Provide solutions for an appropriate selection of data 
required for assessment. Non-accessible data is to be 
avoided, thus assessment should be possible. 
x Enable data acquisition from different sources such as IT 
systems (e.g. from CAD databases, from ERP systems, 
etc.), direct measurements (e.g. the measurement of energy 
consumption of a machine via sensors), literature, etc. 
x Provide solutions for an appropriate summary of collected 
data to simplify assessment calculations (e.g. in a table). 
x Provide solutions for the quantification and evaluation of 
data quality and derivative results. 
x Ensure compatibility with standardized assessment 
frameworks (e.g. LCA) and methods (e.g. CED). 
 
Specific requirements for result interpretation and 
definition of measures: 
 
x Facilitate the comparison of different design options 
through simple and structured overview of results. 
x Provide, in the first instance, support to define short- and 
medium-term measures. Since sustainability has a long-
term vision, defining long-term measures must be possible. 
x Provide guidance to define measure priority. 
x Enable monitoring of measures defined upon assessment. 
x Measure definition should be compatible with ecodesign 
methods and design for energy efficiency respectively. 
 
Specific requirements for compliance checking against 
limited-value regulatory constraints: 
 
x Focus on standards applicable throughout Germany. This 
includes not only German standards but also international 
and European standards that apply in Germany. 
x Provide instructions for the identification of appropriate 
regulatory elements for compliance checking against limit-
value regulatory constraints. 
x Provide guidance to verify the compliance of design 
options with limit-value regulatory elements. 
x Propose solutions to define the priority of regulatory 
elements for compliance checking. 
4. Method for rough energy assessment and compliance 
checking – Application to washing machine design options 
4.1. Method overview 
The production planning-specific Manufacturing Energy 
Demand Assessment method (MEDA) and the Product-
Service System Sustainability Assessment and Monitoring 
framework (PSS-SAM) [1, 5, 6] have been developed by the 
Chair of IT in Mechanical Engineering (RUB). 
The method presented in this chapter is based on both of 
the above methods. It considers all lifecycle phases as well as 
product development-specific requirements. It focuses on the 
early design stages as defined by the systematic design 
approach [7]. The two main goals of the method are: Enable 
rough energy efficiency assessment of design options for 
future mass produced ErPs, and verify the compliance of the 
options with limit-value regulatory constraints. Figure 3 
below shows the main method stages. 
 
 
Fig. 3. Main method stages. 
Some of the above stages are similar to the stages of 
existing assessment methods and frameworks applied in 
ecodesign such as LCA [1, 2, 6]. The method introduced in 
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this document, however, presents important innovations e.g. 
concrete instructions for product and process modeling. In 
addition, the level of detail for product and process modeling 
has also been predefined. This is important to avoid collecting 
unnecessary information during the subsequent method stage 
‘Inventory and assessment’. Thanks to the ‘modeling 
methods’ and ‘degree of detail’ constraints, designers can 
define suitable system boundaries that enable rough 
assessment. 
A detailed description of the method stages is presented 
further below and illustrated by the case study of a fictitious 
washing machine produced by a fictitious manufacturer. 
Following the systematic design approach stages [7, 8], this 
represents a typical case of early ‘adaptive design’ that 
involves the ‘planning and task clarification’ and, in parts, the 
‘conceptual design’ product development stages. 
 
 
Fig. 4. Focus on early product development stages. 
In this instance, designers are requested to apply the 
introduced method, first to perform rough energy assessment 
of two options for the next generation of washing machines 
with different motors, and then to verify the compliance of the 
options with limit-values defined by the ‘Blaue Engel’ (Blue 
Angel) label and company-internal regulatory constraints. 
4.2. Goal and system definition 
The aim of this phase is to define assessment goals and the 
limits of the assessed product-system. In difference to LCA 
and other approaches, the proposed method already predefines 
the method for product and process modeling, as well as the 
‘degree of modeling detail’. These two constraints are 
essential to define suitable system boundaries that enable 
rough assessment. 
Here, designers are requested to initially define assessment 
goals. More precisely, designers must define which indicators 
should be assessed including tolerances (acceptable minimum 
and maximum limits). These tolerances are in part based on 
the limits defined by limit-value elements such as labels, laws, 
norms, etc. Furthermore, companies may define their own 
tolerances e.g. via company-internal regulations. 
Apart from energy aspects, based on the LCC and CFP 
methods (cf. 2.), the introduced method has been developed to 
further respectively consider energy-related cost and 
greenhouse emissions. Additionally, not only lifecycle but 
also company, and end-user perspectives are taken into 
account. Hence, the method provides a predefined list of 
indicators for each perspective. According to assessment 
goals, designers can chose suitable indicators from these lists. 
Designers may also add own indicators. Table 1 shows how 
goals/indicators have been summarized for the case study. 
Table 1. Goal overview table. 
Perspective Indicator Unit Min. 
limit 
Max. 
limit 
Regulatory 
element 
Lifecycle 
(LC) 
CED MWh 
prim. 
energy 
No 
limit 
No 
limit 
No 
regulation 
      
Company 
(internal 
processes) 
Company 
final energy 
cost 
€ / 
washing 
machine 
0 30 Company 
internal-
regulation 
      
End-user EEI  (no 
unit) 
46 0 ‘Blaue 
Engel’/EC 
 
The case study is focused on energy aspects. Limits for 
company perspective indicators have been defined upon 
fictitious company-internal regulation. Limits for end-user 
indicators have been defined upon the German label ‘Blaue 
Engel’ [9] respectively the energy labeling regulation of the 
European Commission (EC) [10]. To obtain the ‘Blaue Engel’ 
label, washing machines must have at least an ‘Energy 
Efficiency Index (EEI)’ of 46 (energy efficiency class A+++). 
The EEI is based on end-user final energy consumption. 
Furthermore, the method proposes to summarize 
characteristics and differences of product options into an 
overview table. Only the most relevant common points or 
differences are to be summarized. As an example, Table 2 
summarizes the two options of the case study: 
Table 2. Overview table of washing machine options. 
LC phase Option 1 Option 2 
Procurement Electrical process for steel 
production 
Linz D. process for steel 
production 
   
Production 
and 
distribution 
Production processes for both options consist of 
assembling and packing washing machines.  
 
Components, parts, and materials are directly obtained 
from suppliers. Their production (including assembly) is 
to be considered in the procurement phase. 
   
 Electricity price for company: 0,12 €/kWh 
 
Final assembly and distribution performed in Germany. 
   
Use Energy consumption 60°C 
cotton full charge 7 kg: 
0,69 kWh 
Energy consumption 60°C 
cotton full charge 7 kg: 
1,19  kWh 
   
 Max. over speed: 1400 RPM. 
Cycles/year: 220 
Average lifetime: 10 years 
   
Disposal Recycling of steel parts using electrical process 
4.3. Modelling and inventory 
In this stage, product and process modelling and data 
collection are performed together.  
It is important for assessment that designers are provided 
with an overview of product and product-related process 
structures. Product models provide an overview of the 
relationship among product components, assemblies, and 
425 Michael Abramovici et al. /  Procedia CIRP  21 ( 2014 )  421 – 426 
parts. Designers can find this kind of overview in engineering 
IT support like CAD tree structures. These structures can also 
be represented in schematic form as shown in Figure 5. 
 
 
Fig. 5. Simplified two-level product/process model of a washing machine 
with focus on the production phase. 
Process models provide an overview of the relationship 
among product-related processes and their inputs/outputs. In 
the case of the introduced method, process modelling is based 
on the Process Chain Analysis approach. LCA software 
currently supports this kind of process modeling [2]. The 
introduced method predefines, however, a classification of 
product-related processes according to four detailing levels:  
 
x Level 1 overall processes: Overall processes within a 
lifecycle phase e.g. washing machine final assembly. 
x Level 2 main sub-processes: Sub-processes within overall 
processes e.g. assembly of components (housing, etc.). 
x Level 3 unit processes: Unit processes within main sub-
processes e.g. stamping and bending of steel sheet for 
external housing. 
x Level 4 activities: Single steps (stages) of unit processes 
e.g. bending of a steel sheet surface against another surface 
 
As regards data collection, in the ideal case, designers may 
have access to assessment data from other lifecycle stages (i.e. 
procurement, production, use, and disposal) via IT 
engineering systems (e.g. ERP, PLM, CAD, etc.). Assessment 
data can also be obtained from sources such as measurements 
performed on-site, environmental assessment databases, 
literature (e.g. standards, product reports, manuals, etc.), etc.  
Experience has shown that in some cases data may be 
difficult or impossible to obtain [1, 2, 3]. Therefore, the 
collection of just a minimal amount of sufficient data is 
essential for rough assessment. Thus, process model detailing 
is limited as follows:  In principal, input/output values must 
be calculated in the subsequent method stage (cf. 4.4) for 
overall processes. If necessary, respective values must be 
calculated for the main processes and unit processes. The 
consideration of single activities is not required to perform a 
rough assessment.  
Some environmental assessment databases provide 
information about common processes e.g. average energy 
consumption for steel production. Figure 5 above shows an 
example of process modeling for a washing machine. 
Input/output data is allocated to processes according to the 
process chain analysis method. If necessary, process models 
can be modified in the subsequent method stage. 
4.4. Assessment and compliance checking 
To facilitate rough assessment, depending on available 
data, the method proposes the following two options for 
carrying out assessment calculations: ‘input/output analysis’ 
(based on input/output tables) and ‘material balance’ (based 
on material masses). If necessary, both methods may be 
combined. 
In the case study of this paper, a material balance has been 
performed for the procurement and disposal lifecycle stages. 
Information has mainly been obtained from an open source 
LCA database [11]. For other stages, a combination of 
input/output analysis and material balance has been applied. 
Information has been obtained from an ERP system with real 
data, washing machine analysis reports, and product 
documentation from washing machine manufacturers. 
Data reliability (quality) can vary depending on its origin. 
For that reason, the method suggests a simple coefficient 
system to quantify and weigh data reliability. The mean value 
of coefficients attributed to input/output data defines the ‘data 
quality degree’ of the entire assessment. Coefficients are 
defines as follows: 
x Coefficient 1 for high-quality data: Data from direct 
measurements and/or internal reliable sources (e.g. ERP 
systems) and specific to analyzed processes/products. 
x Coefficient 2 for medium-quality data: Data from external 
sources, which is specific to analyzed processes/products 
e.g. supplier databases. 
x Coefficient 3 for low-quality data: Data from open source 
databases and/or not specific to analyzed 
processes/products. 
 
If necessary, designers may define weighing factors for 
processes that are particularly relevant to the company. 
With regard to result representation, the method suggests 
to summarize assessment results in both tabular and graphical 
form. Table 3 summarizes the assessment results of the case 
study presented in this paper: 
Table 3. Rough assessment results of washing machine options. 
Indicator Unit Option 
1 
Average 
data quality  
Option 
2 
Average 
data quality  
CED  MWh 
prim. 
energy 
15,21 2,40 15,68 2,37 
      
Company 
final 
ener. cost 
€ / 
washing 
machine 
25,64 1,94 25,64 1,94 
      
EEI  (no 
unit) 
37,71 1,20 57,11 1,35 
 
Figure 6 below is an example of graphical representation 
of assessment results: 
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Fig. 6. Graphical result representation for CED. 
4.5. Interpretation and definition of measures 
For the case study of this paper, the high energy demand in 
the procurement phase is due to the production of steel-
congaing parts (cf. Figure 6). Using the Linz D. process for 
steel production instead of the electrical process constitutes an 
energy demand saving of approx. 2,5 MWh. In the production 
phase, both options meet company final energy cost 
requirements (cf. Table 3). In the use phase, the high energy 
demand is due to the lifetime of 10 years chosen for 
calculations. Only option 1 meets the requirements for the 
‘Blaue Engel’ label (cf. Table 3). Option 2 has a higher 
energy demand due to motor properties (cf. Table  2 and 
Figure 6). Considering the entire lifecycle, CED is, however, 
almost equal for both options (cf. Table  3). 
Upon result interpretation, designers can decide which 
measures need to be taken. Measures strongly depend on 
specific company characteristics and may concern other areas 
than product development e.g. production planning. The 
method outlines the search for critical points and the 
definition of measures in the following domains: 
 
x Measures at the product development stage: e.g. modify 
product features and assess the new options. 
x Measures on production processes e.g. technical changes to 
equipment, manufacturing organizational changes etc. 
x Organizational measures: e.g. changes to a company’s 
environmental/energy management system. 
x Measures in other areas: This applies to cases not 
previously defined and may concern both company-
external and internal factors. 
 
The case study presented in this paper is a typical case of 
early ‘adaptive design’. In this case, the first step is to work 
out product requirements. Further development should focus 
on option 1 to obtain the ‘Blaue Engel’ label. To reduce 
energy demand throughout the lifecycle, a possible measure is 
to ask providers to apply the Linz D. process to steel 
production. Another option is to reduce steel content in steel-
containing parts or search for an alternative material.  
4.6. Monitoring of measures 
The final method stage concerns the monitoring of defined 
measures from the designer’s perspective. This is relevant for 
the acquisition of knowledge for future product development. 
Organizational measures can also be taken to enable the 
monitoring of measures in other areas (cf. 4.5) e.g. to continue 
review meetings with production planners. This stage will be 
tested in deep in future research projects. 
5. Outlook 
The case study presented in this paper confirms the 
usability of the introduced method. Designers are capable of 
roughly quantifying lifecycle stages to get an idea of their 
magnitude. Thus they can identify critical stages and take first 
measures in early product development. Future work will 
comprise the testing of the method in further products and 
industrial cases (including original and variant design cases).  
Furthermore, method-specific IT support, i.e. an assistant 
system, will be developed. Based on the requirements defined 
in previous works [2, 3, 6], the current idea is to develop a 
browser-based tool that integrates most suitable existing IT 
solutions for each method stage. For example, product and 
process modeling can be supported by LCA software, data 
management by a PLM solution, and results can be presented 
on CAD models (e.g. via 3D viewers), etc. The browser-based 
tool will then coordinate the applied IT solutions pursuant to 
the stages of the method introduced in this paper. A long-term 
goal is to extend the method and assistant system to include 
other kinds of products (e.g. mass customized or personalized 
products) and regulatory constraints. 
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